The mammalian complement system is a phylogenetically ancient cascade system that has a major role in innate and adaptive immunity. Activation of component C3 (1,641 residues) is central to the three complement pathways and results in inflammation and elimination of self and non-self targets. Here we present crystal structures of native C3 and its final major proteolytic fragment C3c. The structures reveal thirteen domains, nine of which were unpredicted, and suggest that the proteins of the a2-macroglobulin family evolved from a core of eight homologous domains. A double mechanism prevents hydrolysis of the thioester group, essential for covalent attachment of activated C3 to target surfaces. Marked conformational changes in the a-chain, including movement of a critical interaction site through a ring formed by the domains of the b-chain, indicate an unprecedented, conformation-dependent mechanism of activation, regulation and biological function of C3.
The mammalian complement system mediates inflammation by generating anaphylatoxins to elicit chemotaxis and cell activation, and by promoting phagocytosis, degranulation and cell lysis. Its main functions include host defence against microorganisms, elimination of immune complexes and apoptotic cells, and facilitating adaptive immune responses 1, 2 . The pivotal complement factor C3 is the convergence point for the classical, lectin and alternative pathways of complement activation 1, 2 . C3 (187 kDa) emerged over 700 million years ago 3 and belongs to the a2-macroglobulin (a2M) family. These large (approximately 1,400-1,800 residue) proteins are characterized by homologous sequence features, including a unique thioester motif and a central, highly variable part that is functionally important 4 . Its members, such as the complement factors C3, C4 and C5, the proteinase inhibitor a2M and the insect and nematode thioester-containing proteins (TEPs), have important roles in the immune response in metazoans, considerably pre-dating the emergence of immunoglobulins 5 . C3 interacts with a large number of complement factors (for example, proteases, receptors and regulators) and non-complement proteins (for example, viral and bacterial proteins) via distinct binding sites. The function of C3 is regulated by conformational changes induced by sequential proteolytic cleavages (Fig. 1) . Cleavage of mature C3 is mediated by enzyme complexes (that is, convertases), and generates the anaphylatoxin C3a (9 kDa) and the major fragment C3b (177 kDa) 6 ( Fig. 1c) . This step exposes a hidden thioester 7 and multiple cryptic binding sites in C3b for interacting complement proteins 8 . Nascent C3b is able to bind covalently to cell and other target surfaces via the exposed thioester 9 . Amplification of complement activity is achieved by association of surface-bound C3b and pro-enzyme factor B 10 , yielding the short-lived (t 1/2 < 90 s) 11 C3 convertase C3bBb of the alternative pathway. Additional cleavages in the a-chain of C3b (generating iC3b) mediated by factor I in association with soluble 12, 13 or membrane-bound 13, 14 co-factors prevent further convertase formation and profoundly alter the function of the protein 8 . The first two cleavages release C3f (2 kDa) 15 and the third cleavage in the remaining iC3b liberates C3c (135 kDa) from the target-bound C3dg (40 kDa) fragment 16 .
Structure determination of C3c and C3
We determined the structures of human, native C3 (3.3 Å resolution) and its main proteolytic fragment C3c (2.4 Å resolution), which comprises 72% of C3. First, we determined the structure of C3c purified from outdated human plasma. The structure was solved by single-isomorphous replacement with anomalous scattering (SIRAS) and two-wavelength anomalous dispersion (MAD) phasing but required multi-crystal averaging 17 with nine partial masks to obtain an interpretable map. Second, we determined the structure of fulllength C3 purified from fresh human plasma. We solved this structure by molecular replacement. Initial positioning of C3c, or any of its fragments, was unsuccessful. However, the a6-a6 helical structure of C3d 18 (18% of C3, in a protein otherwise rich in b-strands) was positioned correctly by Phaser 19 . Subsequently, domains of C3c were added gradually, yielding 85% of the model, which was completed by model building. The final refined models had R and R free values of 22.3 and 27.9% (C3c) and 23.6 and 29.5% (C3); see Methods and Table 1; see also Supplementary Fig. 1 and  Supplementary Table 1. a-chains. In addition, each chain forms six domains by itself. Eight domains (5.5 of b and 2.5 of a) exhibit a fibronectin-type-3-like core fold ( Supplementary Fig. 2d, e) ; however, no sequence homology is apparent among these domains. In analogy to immunoglobulin domains, we refer to them as macroglobulin (MG) domains. Residues 1-534 form five MG domains, MG1-MG5 ( Supplementary  Fig. 3 ). Residues 535-577 form one half, denoted MG6 b , of the b/a intertwined MG6 domain. Together the chain of six MG domains forms 1.5 turns of helical coil as in a key ring (see domains of b-chain in Fig. 1c) . Residues 578-645 of the b-chain exit from MG6. They loop downwards and through the ring, forming three helices in an extended configuration and one b-strand that aligns with the first strand of MG1. Three aromatic residues from the third helix and the b-strand of this linker domain, called LNK, form a small hydrophobic core. This structural element is wedged in between domains MG1, MG4 and MG5. The a-chain starts with the anaphylatoxin (ANA) domain (residues 650-726), which when cleaved off forms the C3a fragment. The structure of this domain is similar to the crystal structure of C3a (ref. 21) , although the amino-terminal a-helical region was not resolved in that structure ( Supplementary Fig. 3h) a is followed by a seventh MG domain, MG7 (residues 807-911). The polypeptide chain that is excised by factor I to yield fragments C3dg and C3f is located between MG7 and an eighth MG domain, MG8 (residues 1331-1474). MG8 corresponds to the receptor-binding domain in a2M; as expected, the structure of MG8 is homologous to this domain 22 ( Supplementary Fig. 3p ). The cleavage sites yielding C3g, C3d and C3f 15, 16 do not coincide fully with domain boundaries. Residues 912-962 and 1269-1330, 63% of C3g and all of C3f, together form one domain that displays a CUB fold; we refer to the two separate parts as CUB g and CUB f , respectively (Fig. 1e) . The remaining part of C3g and C3d (residues 963-1268) together form a thioester-containing domain (TED). Despite a major rearrangement of the N-terminal region, the a6-a6 fold is conserved between TED and C3d 18 ( Supplementary  Fig. 3m ). Finally, residues 1496-1641 form a carboxy-terminal C345C domain with a netrin-like fold. This domain is covalently linked to MG8 by the polypeptide chain and to MG7 by a disulphide bond (Cys 851-Cys 1491) 23 in what we refer to as an anchor region (residues 1475-1495). The overall structure of C345C is similar to the recent NMR-solution structure of the C345C domain of C5 (ref. 24 ; see also Supplementary Fig. 3r ). In total, nine out of thirteen domains were unpredicted (MG1-MG7, LNK and CUB). All domains together form an irregularly shaped C3 and a disc-shaped C3c that lacks the ANA, CUB and TED domains, with strong dipolar surface-charge distributions ( Supplementary Fig. 4 ).
The a-chain undergoes major domain rearrangements There are marked conformational differences between C3 and C3c. The overall shape of the b-ring is well conserved; the only large change in MG1-MG6 and LNK is a 158 rotation and a 4.3 Å (centre of mass) shift of MG3 ( Fig. 2 ; see also Supplementary Table 2 ). The domains of the a-chain, however, undergo large rearrangements when the molecule is processed from C3 into C3c. MG7 and MG8 almost swap places in the overall structure: they rotate and translate by 358 and 7.8 Å , and 628 and 24 Å , respectively. The C345C swivels 328 and moves 10.1 Å , resulting in a torque motion acting on the anchor region. The anchor region, with its internal Cys 1484-Cys 1489 disulphide bond, alters its conformation completely, from an a-helix in C3 to a b-hairpin in C3c ( Fig. 2b ; see also Supplementary Figs 2c and 3q). Overall, the structural differences between C3 and C3c suggest that the b-ring forms a relatively stable molecular platform for the structurally adaptable a-chain to undergo induced conformational changes.
Implications for evolutionary events
Intertwining of distant parts of the amino-acid sequence owing to inclusion of a domain into a loop is indicative of a gene insertion event. This situation occurs twice in C3 (Fig. 1d, e) . MG6
b/a has an insert of 165 residues in loop bC-bC 0 and CUB g/f has an insert of 307 residues in loop b5-b6. The MG6 insert forms the linker domain, the processing site 646-RRRR-649 (present in proC3), the anaphylatoxin domain, scissile bond Arg 726-Ser 727 and the a 0 NT, which contains four acidic residues important for factor B binding to C3b 25 . Because the MG6 insert includes the proC3 processing site, it follows that MG6 is formed by two separate chains in mature C3. The insert into the CUB domain is the TED domain with the critical thioester group. Moreover, we hypothesize that the CUB domain itself is a putative insert into the linker between MG7 and MG8 (and hence the obvious signal of a domain formed by distant parts of the sequence is lacking). Notably, critical C3 elements such as the thioester, the anaphylatoxin and the proteolytic cleavage sites lie within these putative inserts.
Comparison of C3 with other members of the a2M family (Fig. 3 ) shows that the MG6 insert encompasses the central variable region, which in a2M contains the bait region 26 . In phylogenetically distant (insect and nematode) TEPs this sequence is hypervariable 27 . In contrast, all sequences contain CUB g -, TED-and CUB f -like elements, the hallmark of a2M family members. Homologous sequences lacking these elements are not known. The occurrence of a6-a6 folds in enzymes 18 indicates perhaps that the TED fold existed separately before it was inserted and became a critical component in the proteins of the a2M family. The combination of two putative gene insertions and a gene extension of the C-terminal C345C domain 28 implies the existence of a hypothetical ancestral molecule comprised of eight MG domains, which possibly arose by gene duplication events. The sequences of the MG domains have diverged to an extent whereby there is no longer any detectable sequence Figs 2a and 3p, q) .
homology. Insertion of CUB g /TED/CUB f marks the emergence of the a2M family in host protection, and additional insertion of LNK/RRRR/ANA/a 0 NT and extension with C345C marks the emergence of the complement system in the innate immune defence more than 700 million years ago 29 .
A double mechanism protects the thioester The highly reactive thioester (formed by the side chains of Cys 988 and Gln 991) 23 is intact in the structure of C3. It is shielded from reacting with water (t 1/2 . 6 days) 30 or other small nucleophiles 31, 32 by a hydrophobic/aromatic pocket formed by residues Met 1378, Tyr 1425 and Tyr 1460 from MG8 and Phe 1047 from the TED (Fig. 4a) . These residues are conserved in the a2M family, except for C5, which lacks the thioester moiety. Although fully buried, the thioester and its protective pocket are positioned at the TED-MG8 interface close to the protein surface. Upon activation by the proteolytic cleavage of C3 into C3b, the protein reacts more readily with hydroxyl groups than amino groups 33 . The altered reactivity is due to a transformation of the thioester into a free thiolate anion, on Cys 988, and formation of an acyl-imidazole intermediate 34, 35 by Gln 991 and His 1104 that is possibly stabilized by Glu 1106 (refs 18, 36) . In the structure of C3 His 1104 and Glu 1106 (situated next to a disordered loop) are far from each other and far away from Gln 991 (11.7 Å distance between Gln 991 Cd and His 1104 N1; Fig. 4b) , and hence the catalytic site for reaction with hydroxyls is not present. In the structure of C3d 18 , expressed in Escherichia coli with a Cys988Ala mutation, His 1104 is only 4.1 Å from Gln 991 in the modelled thioester, and the side chains of His 1104 and Glu 1106 form a hydrogen bond, as would be the case when Glu 1106 stabilizes the acyl-imidazole intermediate (Fig. 4b) . In native C3, movement of His 1104 and Glu 1106 towards the thioester is prevented by the MG8-TED interface, thereby blocking the formation of the free thiolate and acyl-imidazole intermediate. This provides a second, specific protection mechanism of the native protein against hydrolysis by water and explains why the reactive moiety in C3 is more resistant to water and less resistant to reaction with small amino nucleophiles 31, 32 .
Activation of C3
The orientation of the TED domain with the thioester pointing inwards seems to be essential for maintaining the protective TED-MG8 interactions in native C3. TED is buttressed in this position by interactions with MG2, MG8 and CUB (Fig. 4c) . Cleavage of C3 at Ser 726-Arg 727 removes the ANA domain (which becomes the anaphylatoxin C3a) and yields an activated C3b with an exposed and reactive thioester. Therefore, the ANA domain has a critical role in protecting the thioester in native C3. However, in the structure of C3 no direct contacts are observed between the ANA and TED domains. Although loops of ANA and TED come within ,10 Å , there are no charged residues that could give long-range electrostatic Figure 3 | Domain organization of the a2M family deduced from the C3 structure. Members of the a2M family are aligned schematically by domains with LNK, ANA, CUB and TED presented as inserts that potentially arose by gene-insertion events. Mature C4 has an additional tetra-arginine (RRRR) processing site that occurs in an insert of 46 residues in loop bA-bB of MG8. CD109 (ref. 50 ) has a tetra-arginine site in the linker between CUB and MG8. Proteins of the a2M family differ in their composition at the C terminus. a2M and TEPs lack the C345C domain, whereas CD109 has a GPI anchor here. attractions. Therefore ANA must protect the thioester in native C3 indirectly. ANA has extensive interactions with MG8. At the other side ANA interacts with MG3 (Fig. 5a ) and thus bridges interactions between MG8 and MG3 of the stable b-ring. The ANA domain may serve to keep MG8 in a correct position for interaction with TED and, possibly, to induce a conformation of MG8 that enhances interactions with TED.
MG8 undergoes a conformational and a huge positional change from C3 to C3c (Fig. 2) . The domain makes a dramatic swing from the interior of the C3 molecule to the exterior in C3c. This swing moves helix a1 and surrounding b-strands by 40-50 Å . In C3 these structural elements are hidden and interact with the ANA and TED domains, whereas in C3c they are fully exposed and have changed conformation into a b-strand and two a-helices. This large positional change corresponds well with what is expected for the equivalent receptor-binding domain in a2M, which alters from hidden to exposed upon encapsulating a proteinase in an a2M multimer 37 . In the exposed position its b-a-b motif is thought to bind the a2M receptor 22 . In native C3 the b-a-b configuration in MG8 is probably important; it contributes to interaction with TED (notably, residues Lys 1409 and the highly conserved Glu 1411). Furthermore, this MG8 region harbours a binding site for complement protein properdin 38 . The occluded position in C3 explains why properdin does not bind to native C3. Because properdin stabilizes the C3bBb convertase complex, it follows that MG8 exposes this binding site, possibly in a b-aa configuration and a swung out position as in C3c.
The observed domain arrangement supports a simple model for exposing the thioester in the activated state of C3. The removal of ANA, yielding C3b, weakens the interactions between MG8 and TED, thereby allowing TED to swing out of its nestled position. Similar, although much slower, conformational changes occur after spontaneous hydrolysis of the thioester in C3, yielding C3(H 2 O) (refs 31, 32) . In this case, the conformational changes are retarded by the presence of the anaphylatoxin domain. Rotation of TED around its N-and C-terminal connections to CUB exposes TED with the intact thioester in C3b projected outwards. This simple rotation is supported by recent hydrogen-deuterium exchange data on C3 and C3(H 2 O), which indicate that segments 956-968 and 1027-1036 buried in C3 become exposed in C3(H 2 O) (ref. 39 ). Reduced exchange rates for segment 1108-1123 correlate with the disorderorder transition in loop 1107-1112 of C3 versus C3d. This loop lies next to the critical His 1104 and Glu 1106 residues. Possibly, the rotation of TED is linked to the formation of the free thiolate and acyl-imidazole intermediate that requires ,15 Å movements in the N-terminal a0-a1 region to establish an active conformation for attachment to a target surface (Fig. 4b) .
Implications for convertase formation and regulation
Cleavage of C3 at 726-727 yields a novel N-terminal (that is, a 0 NT) region in C3b. Four acidic residues (Asp 730, Glu 731, Glu 736 and Glu 737) of the a 0 NT are important in the formation of the C3 convertase 25 . In addition, the extended segment 727-767 (that is, a 0 NT plus the beginning of MG6 a ) is important for binding of several regulators 25, 40, 41 . In native C3, acidic residues Asp 730, Glu 731, Glu 736 and Glu 737 are shielded by ANA (Fig. 5a ), which may explain why factor B cannot bind to native C3. Most surprisingly, the a 0 NT region (residues 727-744) resides on opposite sides in C3 and C3c (Fig. 5b) . From C3 to C3c the a 0 NT has moved from its position near ANA, through the b-ring and has emerged on the other side in C3c where it lies on the surface of MG7. Sequence conservation of the hinge 745-FPES-748 that connects a 0 NT to MG6, and of the bridging loop 205-YVLP-208 of the b-ring (Supplementary Fig. 5 ), suggests that this remarkable rearrangement may be part of a general mechanism of a2M protein family members.
The striking differences between C3 and C3c concerning the position of the a 0 NT region and the arrangement of the a-chain domains raise important questions with respect to formation and regulation of convertases. In the series of activating and deactivating steps (from C3, C3b, iC3b to C3c), when do these rearrangements occur? How do the rearrangements relate to the binding and functioning of the various regulatory factors and receptors? Possibly, most rearrangements occur upon activation, in which case C3b and iC3b will resemble C3c and differ primarily in unravelling of the CUB domain. Alternatively, the rearrangements occur in a gradual process yielding different arrangements of each molecule. The C3 and C3c structures facilitate further structural and mutational studies of the activation and regulation of this central component of the complement system, and create new opportunities for drug development, targeting a wide variety of inflammatory diseases that have been associated with complement activation.
METHODS
Protein purification. C3c was purified using methods as described previously for C3 (ref. 42) , with slight modifications. C3c from outdated human plasma (stored for several weeks at 4 8C) was purified by polyethylene glycol (PEG) precipitation, anion-exchange chromatography (DEAE Sephacel), cationexchange chromatography (CM-Sephadex C50) and size-exclusion chromatography (Sephacryl 300). Trace amounts of IgG and IgA were removed by immune absorption. C3c was concentrated to 20 mg ml 21 and dialysed against 10 mM Tris pH 7.4, 2 mM EDTA and 2 mM benzamidine. The glycan moiety on Asn 917 was cleaved off with N-glycosidase F (PNGase F) before crystallization. Both termini in the a-chain, generated by C3dg and C3f removal during plasma storage, displayed heterogeneity as observed by reduced gel and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) analysis.
C3 was purified from frozen human plasma as described previously 42 , with slight modifications. C3 was purified by PEG precipitation, plasminogen depletion (Sepharose 4B-L-lysine), anion-exchange chromatography (DEAE Sephacel) and size-exclusion chromatography (Sepharose CL-6B). Trace amounts of IgG, IgA, IgM, C5 and factor H were removed by immune absorption. C3 was concentrated to 8 mg ml 21 and precipitated by dialysis against 5 mM MES, pH 6.0 and stored at 280 8C until use to retain haemolytic activity. Before crystallization, C3 was solubilized by dialysis against 10 mM Tris, pH 7.4. Crystallization and data collection. C3c was crystallized in hanging drops from mother liquor containing 18% w/v PEG-3000 and 200 mM LiNO 3 at 20 8C. Crystals grew to 100 £ 100 £ 100 mm within 2 weeks. For cryo-protection 20% v/v glycerol was added to the mother liquor, and crystals were flash-cooled in liquid nitrogen. Crystals displayed space group P2 1 2 1 2 (a ¼ 126.9, b ¼ 246.9, c ¼ 87.4 Å ), contained two molecules per asymmetric unit and diffracted to 2.4 Å resolution at ESRF beamline ID14-EH4. Varying pseudo-B centring was observed between crystals with extinctions for (h þ l) ¼ odd reflections ranging from 10% to 100% (at 100%, crystals exhibited space group B22 1 2). In addition, crystals showed significant variations in cell dimensions. Diffraction data were processed using MOSFLM/CCP4 (ref. 17) and Denzo/ Scalepack 43 . Heavy-atom derivatives were prepared by soaking crystals in mother liquor containing 1-5 mM of heavy atom compounds for 24 h at 20 8C.
C3 was crystallized in hanging drops in 6% w/v PEG-monomethyl ether 550 and 100 mM sodium acetate at 20 8C. Crystals grew to 300 £ 100 £ 20 mm within 2 weeks. Similar to C3c, 20% v/v glycerol was added as a cryo-protectant; crystals were flash-cooled in liquid nitrogen. Crystals exhibited space group I222 (a ¼ 117.0, b ¼ 156.3, c ¼ 271.2 Å ) with one molecule per asymmetric unit and diffracted to 3.3 Å resolution at ESRF beamline ID14-EH4. Diffraction data were processed with XDS and XSCALE 44 . Structure determination. Twenty mercury sites were found and refined in SOLVE 45 for a HgCl 2 derivative with diffraction data from a MAD experiment at mercury-inflection and high-remote energy. Twenty-seven platinum sites were found and refined in SOLVE 45 for a K 2 PtCl 4 derivative from data of a SIRAS experiment at the platinum-peak energy and a data set collected from a native crystal. Phase combination and extension by multi-crystal and non-crystallographic symmetry averaging were crucial to produce an interpretable electrondensity map. In the end, we used nine partial masks created in RAVE 46 to envelope a single molecule for averaging over six copies of the protein molecule in DMMULTI 17 . The resulting electron density was of good quality. A partial model was built automatically by ARP/wARP 47 . The model of C3c was completed using O 48 and refined using REFMAC 17 to a final R-value of 22.3% (R free of 27.9%).
C3 was solved by molecular replacement. Initial positioning of C3c, or any of its fragments, was unsuccessful. However, the a6-a6 barrel structure of C3d 18 (18% of C3) was positioned correctly by Phaser 19 . Subsequently domains of C3c (C345C, MG2 plus MG6, MG5, MG4, MG8, MG3, MG7 and MG1, respectively) were added step-by-step using both Phaser 19 and molecular graphics in O 48 with rigid-body refinement for positioning in Phaser. This yielded an 85% complete model that was completed by model building (of CUB, ANA and loops) and refined in CNS 49 and REFMAC 17 . The final refined model of C3 had R and R free values of 23.6% and 29.5% (see Table 1 ; see also Supplementary Fig. 1 and Supplementary Table 1) .
